Diverse cell types have unique transcriptional signatures that are best interrogated at single-cell resolution. Here we describe a novel RNA amplification approach that allows for high fidelity gene profiling of individual cells. This technique significantly diminishes the problem of 3´ bias, enabling detection of all regions of transcripts, including the recognition of mRNA with short or completely absent poly(A) tails, identification of noncoding RNAs, and discovery of the full array of splice isoforms from any given gene product. We assess this technique using statistical and bioinformatics analyses of microarray data to establish the limitations of the method. To demonstrate applicability, we profiled individual cells isolated from the mouse subventricular zone (SVZ)-a well-characterized, discrete yet highly heterogeneous neural structure involved in persistent neurogenesis. Importantly, this method revealed multiple splice variants of key germinal zone gene products within individual cells, as well as an unexpected coexpression of several mRNAs considered markers of distinct and separate SVZ cell types. These findings were independently confirmed using RNA-fluorescence in situ hybridization (RNA-FISH), contributing to the utility of this new technology that offers genomic and transcriptomic analysis of small numbers of dynamic and clinically relevant cells.
Reports

METHOD SUMMARY
We present a single-cell RNA amplification approach combining exponential and linear amplification steps using a limited number of PCR cycles and T7-driven in vitro transcription (IVT). Our approach allows for unlimited RNA amplification and enables detection of gene isoforms, non-coding RNAs, and mRNAs with short or absent poly(A) tails. will be linear, rather than exponential as seen with PCR. Additionally, there is an inherent preference to amplify the 3´ end of mRNAs during the aRNA synthesis procedure (3´ bias).
Other problems with existing methods result from the limited amount of total RNA (10-20 pg) present in a single cell. Neither method provides for the nearly unlimited amplification required for transcriptome characterization. In the first case, the PCR-based method is naturally limited by the so-called "plateau effect." Moreover, nonspecific PCR byproducts accumulate during amplification, especially during later cycles of PCR. Therefore, the number of PCR cycles that may be used for the amplification is limited. In turn, the T7-based IVT method requires two to three rounds of amplification to obtain a substantial amount of amplified RNA.
Here, we describe a new technology for interrogating small tissue and cell samples by combining exponential and linear amplification steps using a limited number of PCR cycles and T7-driven IVT. Although such combination PCR and IVT approaches for RNA amplification do exist, they were not tailored, with some exception, towards single-cell RNA amplification followed by microarray analysis (15, 16) , and these other methods have not solved the problem of 3´ bias for isoform detection.
Because depletion of rRNA and tRNA is not possible at the single-cell level, RNA-seq approaches are based exclusively on oligo(dT) priming. In this case, transcripts lacking poly(A) tails and a substantial amount of mRNAs longer than 3 kb (up to 36%) cannot be detected (17) .
By introducing major technical modifications, we have developed an RNA amplification method that is suitable for singlecell RNA amplification and significantly diminishes the problem of 3´bias. The major modifications that distinguish this new protocol include:
1. Introduction of "extending primers" that contain random and semi-random sequences at the 3´ ends during PCR allows tagging of 3´ ends of cDNAs. The design of one of the extending primers includes a Kozak sequence at its 3´ ends that allows capture of 5´ ends of a gene's coding sequence.
2. The combination of modified oligo(dT) and modified random primers allows a decrease of the size distribution of the resulting cDNA fragments, making the PCR step more efficient and consequently improving the preservation of relative gene abundance.
3. Detection of all parts of transcripts without 3´ bias, including the recognition of isoforms and mRNAs with short or completely absent poly(A) tails, as well as the identification of noncoding RNAs. The priming approach that utilizes the combination of oligo(dT) and random primers during the reverse transcription (RT) reaction is superior to any other priming strategy, and it secures full-length RNA coverage (18) . 4 . Carryover of reverse transcriptase results in PCR inhibition, which can become significantly pronounced when minute amounts of RNA are used (19) (20) (21) (22) (23) (24) . Our approach has greatly diminished this reverse transcriptase inhibitory effect on the following PCR step.
5. Our method generates 200-250 µg of amplified RNA from a single cell, sufficient to apply to virtually any RNA technique.
6. Cost is dramatically reduced (up to 5-fold) in comparison to commercially available kits. This is relevant because single-cell experiments usually require simultaneous study of at least 50-100 individual cells.
The limitations of this amplification approach have been rigorously tested using statistical and bioinformatics analysis of microarray data. The application of the amplification method detected various RNA isoforms with significant biological importance, as well as simultaneous expression of different cell-type specific transcripts within single cells of the neurogenic subventricular zone (SVZ).
Materials and methods
RNA amplification
Different amounts of total RNA from the LN229 glioma cell line (LN) and a collection of human neural stem/progenitor cells (Prog) were used for the amplification procedure: 20 pg, 1 ng, and 20 ng. There were 5 replicates for 1 ng and 20 ng RNA samples, and 6 replicates for 20 pg samples. In the case of single-cell amplification, the whole-cell content was used for the RT reaction. For each reaction, 0.4 ml 20 mM modified oligo(dT) primer, 0.25 ml 200 mM modified random primers, and 0.5 ml 30 mM T7-SWITCH oligonucleotide (Sigma-Aldrich, St. Louis, MO) was added to total RNA with a final volume of 6 ml. Each tube contained 100 ng of linear poly(A)crylamide (LPA) (Sigma-Aldrich) as a carrier. The tubes were incubated at 65°C for 5 min and kept at 45°C thereafter. The first strand buffer (25 mM Tris-HCl, pH 8.3; 37.5 mM KCl; 1.5 mM MgCl 2 ), 1 mM dNTP, 2 mM DTT (Life Technologies, Grand Island, NY), 3 mM MgCl 2 (SigmaAldrich), and 100 ng of T4gp32 protein (Affymetrix, Cleveland, OH) were added to each tube (all concentrations are final). The tubes were incubated at 42°C for 1 min, 35°C for 5 min, 30°C for 10 min, and 25°C for 15 min. Superscript II (1ml) (Life Technologies) was added to the tubes, and they were incubated at 25°C for 30 min, 42°C for 2 h, 70°C for 15 min, and 25°C for 5 min. After the reactions were completed, the tubes were kept at 4°C. The final volume of reaction was 10 ml. Because the unnicked RNA:DNA hybrids do not denature completely, RT reactions were subjected to RNase H (Life Technologies) treatment at 37°C for 20 min. The tubes were allowed to stay at 4°C for 2 days prior to the PCR step.
The first-strand cDNA pool produced in the previous steps was then subjected to amplification using the Advantage 2 PCR Enzyme System (Clontech Laboratories, Mountain View, CA) in the same test tube. We added 0.3 ml 200 mM extending primers, 0.3 ml 200 mM modified random primers, 0.15 ml 200 mM amplification primer (Sigma-Aldrich), 2 ml 10 mM dNTP mix (Life Technologies), and 2 ml 50× Advantage 2 Polymerase (Clontech Laboratories) to the tube to produce double-stranded cDNA in a 100 ml reaction volume. An MJR PCR machine (Bio-Rad, Hercules, CA) was used for amplification with the following parameters: 95°C for 4 min, 25°C for 10 min, 65°C for 5 min, 68°C for 5 min; 95°C for 25 s, 58°C for 1 min, 68°C for 2 min; the next step, (95°C for 15 sec, 65°C for 30 sec, 68°C for 6 min), was run for 5-18 cycles depending on the RNA input.
Sense RNA was transcribed from double-stranded DNA using reagents from MEGAScript High Yield Transcription Kit (Life Technologies). We added 12 ml 75 mM rNTP, 3 ml 10× Buffer, and 3 ml Enzyme Mix (RNase Inhibitor and T7 RNA Polymerase) to 12 ml double-stranded DNA. The mixture was incubated for 18 The template for the RT reaction is polyadenylated RNA. The modified sequences of oligo(dT) and random primers are presented as black boxes. The T7-SWITCH primer contains a modified sequence, a T7 sequence, and an rGrGrG sequence (T7 and rGrGrG sequences are shown in red). Note that one of three cDNA products from the RT reaction does not have a 3´ tagging sequence because of the limited capacity of the switching effect. This cDNA is later primed with extending primers. PCR step: The PCR reaction contains all components initially, including the extending and amplification primers. The extending primers carry a specific sequence for the T7 RNA polymerase site and either random or Kozak sequences, which are are presented as green lines. The profile of two starting PCR cycles was tailored toward the preferable annealing of extending primers to the cDNA. These cycles are shown separately. The rest of the PCR cycles were modified to ensure optimal performance of the amplification primer. The product generated at the end of the PCR step was double-stranded DNA. T7 IVT step: The 5´ end localization of the T7 promoter on double-stranded DNA guarantees the synthesis of sense RNA, which is shown as red lines. Note that some RNA molecules are polyadenylated because they are the product of oligo(dT) priming. Other RNA molecules generated using random priming do not have a poly(A) stretch. (B) Primers utilized in the RNA amplification method.
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h at 37°C. Upon completion, the reaction was treated with 1 ml DNase I (Life Technologies) for 30 min at 37°C. The amplified sense RNA was purified using MEGAclear Kits (Life Technologies) as described in the Ambion instruction manual. The RNA yield was evaluated using a SmartSpec 3000 spectrophotometer (Bio-Rad). This method of RNA amplification gives 200-250 mg amplified sense RNA after 1 round.
Additional material and methods information for for all experiments are supplied in the Supplementary Material.
Results and discussion
Design of the RNA amplification method
We have developed a technique that allows almost unlimited RNA amplification from a single cell without 3´ bias. Our approach involves a combination of exponential and linear amplification using a limited number of PCR cycles and T7-driven IVT.
The RNA template was used in the first-strand synthesis reaction, along with a modified oligo(dT) primer, modified random primers, and a T7-SWITCH primer bearing a T7 RNA polymerase site ( Figure 1A ). When the reverse transcriptase reaches the 5´ end of mRNA during RT reaction, the enzyme's terminal transferase activity adds a few additional nucleotides, primarily deoxycytidine, to the 3´ end of the cDNA (25, 26) . The T7-SWITCH primer comprises an oligo(rG) sequence at its 3´ end, which pairs with this deoxycytidine stretch, creating an extended template. The reverse transcriptase then switches templates and continues replicating to the end of the oligonucleotide. We also introduced extending primers that carry a specific sequence, a T7 RNA polymerase site, and either a random or Kozak semirandom sequence at the 3´ end of an oligonucleotide. This allows for the incorporation of a terminal tagging sequence at the 3´ end of cDNA molecules that were not extended by the switching mechanism. Because each of the primers has a specific sequence at its 5´ end ( Figure 1B) , the resulting single-stranded cDNA pool is generated with complementary sequences at their 5´ and 3´ ends. This enables the use of only one amplification primer during the following PCR cycles. Additionally, the resulting double-stranded DNA, generated during the PCR step includes a T7 RNA Polymerase site, which is subsequently used for the production of sense RNA during the T7 Polymerase amplification step.
It is known that carryover of reverse transcriptase inhibits PCR (19) (20) (21) (22) (23) (24) . The phenol/chloroform/isoamyl alcohol (PCI) procedure, followed by ethanol precipitation, removes this negative influence (24) . While it is possible to utilize this method when working with nanograms of starting RNA in the amplification procedure, it was not successful for single-cell amplification. We observed a substantial loss of template after the PCI procedure; however, we did notice that the inhibition was greatly diminished when RT tubes were simply stored at 40°C for 2-3 days without any cDNA purification. Therefore, we utilized this approach to reduce PCR inhibition (24) .
We minimized the number of PCR cycles and implemented the IVT step in order to avoid the excessive bias introduced by the PCR itself. We used 8, 11, and 18 PCR cycles for the amplification of 20 ng, 1 ng, and 20 pg total RNA, respectively. The yield of amplified RNA was 220-250 μg, regardless of the starting amount of total RNA. Because our RNA amplification technique is a complex multistep approach, we optimized each step of the procedure (Supplementary Material).
Analysis of the RNA amplification procedure using Agilent arrays When sample size restrictions make RNA amplification mandatory, little information is available to the investigator to assess the probability that a distinct gene expression pattern corresponds to reality. Therefore, we compared samples before and after amplification to evaluate the performance of our approach. We isolated total RNA from LN and Prog cells. RNA amplification was applied to the equivalent of an average single cell (20 pg of total RNA), 50 cells (1 ng), or 1000 cells (20 ng) (15, 27) .
Two-color array analysis was performed using GeneSpring 11.5.1 (Agilent), which allowed the comparison of Prog/LN ratios for any given transcript with and without amplification. Ideally, these ratios should be the same for both samples before and after amplification. Even if RNA amplification causes some bias, this bias may be canceled out as long as it is consistent and produces comparable expression ratios between two samples, both before and after amplification (Supplementary Figure S1) . The detected entities (21,589 probes) were analyzed using Volcano plots and analysis of variance (ANOVA) under different settings: P ≤ 0.05, Fold Change (FC) ≥ 2.0 and P ≤ 0.1, FC ≥ 1.5. Latter settings had less stringent conditions, which we introduced to prove that the list of outliers after amplification was limited, even in the statistically insignificant settings. We found that the Prog/ LN expression ratios changed more than 2-fold compared with the samples before and after the amplification, and they were never higher than 8.1% (Table 1A) . The microarray data and the protocol were deposited in the Gene Omnibus database with GEO accession no. GSE55137.
Scatter plots were generated based on normalized log 2 -averaged Cy5/Cy3 ratios of signal intensities (Supplementary Figure S2) . The highest correlation coeffi- In order to compare the number of differentially expressed genes identified before and after amplification, we analyzed Agilent two-color data with single-color experimental settings using GeneSpring. 
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To focus on highly regulated genes, differences in gene expression between LN and Prog samples were restricted to a 3-fold change with a p-value ≤ 0.05. The concordance percentages ≥70% were retrieved by comparing lists of differentially expressed genes for samples before and after amplification (Table 1B) .
Although Agilent arrays are typically 3´-biased, we were able to find genes that were represented by probes located at a minimum distance of a 3 kb away from the 3´ end of the transcript, including probes for the 5´ end as well as for the middle part of the particular gene. We focused on transcripts that were at least 6 kb in length. The number of genes that meet these criteria was 813 transcripts, with 1297 corresponding probes (Supplementary Table S1A ). The number of successfully detected probes out of 1297 samples after amplification corresponded to 1180 (91%), 981 (76%), and 884 (68%) probes for 20 ng, 1 ng, and 20 pg respectively. For example, we observed the detection of 4 different isoforms of SYNE2 (transcript length of 22 kb) where probes for isoforms 1 and 5 are located at the 5´ end. Also, 2 5´-end probes revealed 2 unique isoforms of PLEC (15 kb).
We next analyzed the detection pattern of 86 probes discovered in the control sample without amplification that corresponded to non-coding RNAs. There were 84 detected probes out of 86 probes (98%) for the 20 ng sample and 75 probes (87%) each for the 1 ng and 20 pg samples after amplification (Supplementary Table S1B) .
We also examined 81 probes corresponding to 71 non-polyadenylated RNAs that were detected in the sample without amplification. The number of probes identified in the samples after amplification corresponded to 79 probes (98%) for the 20 ng amplified sample and 73 probes (90%) for both the 1 ng and 20 pg samples after amplification (Supplementary Table  S1C ). Thus, the amplification of RNAs lacking poly(A) tails represents a significant advantage of our approach.
We analyzed the expression of 99 genes by real-time PCR after using our method of RNA amplification for 20 pg samples that utilized oligo(dT) along with random priming compared with the method that used only oligo(dT) priming. We also verified the microarray performance using real-time PCR. The genes corresponded to 3 groups: the first group included genes Markers of stem cells are defined as B type, transit-amplifying cells correspond to C type, neuroblasts correspond to A type; astrocytes correspond to As typ; and ependymal cells correspond to E type. Each cell type is identified by a combination of these markers (33) . Expression of certain cell surface molecules can ensure the isolation of distinct cell types from GFP positive (B) and GFP negative (D) cell populations. Genes presented in italics were recently assigned as B cell markers using microarray data from the stem cell-enriched population (34) . Heat maps reflect realtime PCR-derived Cq values for each transcript. Samples without amplification (w/o) were used as positive controls. Total RNA input of unamplified pooled SVZ cells or embryonic cells after the RT reaction corresponds to 3 µg. Cell #14 was excluded for technical reasons (low expression of ACTB and all other genes). Primer sequences are provided in Supplementary Table S4 .
represented by probes located 1-3 kb from the 3´end of the transcript, the second group: 3-5 kb, and the third group: >5 kb. The results demonstrated the superiority of oligo(dT) along with random priming compared with priming without randoms. The transcripts of the second and the third groups were mostly detected after priming with the combination of oligo(dT) and random primers (91% and 82% accordingly). However, 73% of genes in the second group and only 45% in the third were detected after oligo(dT) priming. The detection of genes in the first group exhibited a similar rate regardless of mode of priming (94% with primer combination and 97% with only oligo(dT) priming). PCR analysis also demonstrated a high concordance (86%) between microarray and PCR data (Supplementary Table S2 ).
Pathway analysis
To translate gene expression data into functional profiles, we used the integrated knowledge database and software suite MetaCore (GeneGo), which links prior knowledge to newly generated experimental data. Our results show that the number of unique genes in a particular amplification experiment is generally smaller than the numbers of common and similar genes (Supplementary Figure S3) .
Unique genes add to dissimilarity of observed patterns of gene expression. As expected, this dissimilarity increases with reduced amounts of RNA used in the experiments. The most significantly enriched pathways for four MetaCore categories are presented in Figure 2 . There is a good concordance between overrepresented pathways for each data set before and after amplification.
Since an investigator will have only single-cell information after performing a real experiment, we decided to compare 2 samples, before and after 20 pg amplification, using a 20 pg sample after amplification as a reference. We analyzed 4 pathway categories with preset P-values of ≤ 0.05 for a 20 pg sample (Table 1C) . The complete pathway's list and exemplary maps are shown in Supplementary Table  S3 , A-D and Supplementary Figure S8 .
Three out of 4 categories have a high concordance between a 20 pg amplification sample and the sample without amplification: 78%, 92%, and 86% for GOProcesses, GeneGoDiseases, and GeneGoProcessNetworks, respectively. In contrast, the GeneGoPathway category exhibited only 55% similarity. Also, 27%-51% of pathways and networks were overrepresented only in the samples without amplification, depending on the category (Table 1C) .
Thus, this analysis revealed that certain pathways or networks detected in the sample after amplification were reliably overrepresented before amplification. One limitation of this RNA amplification method is that some biologically relevant that were not detected contain insertions into the PRR domain, and the detected Numb isoforms 2, 4, and 5 do not have an insertion (36) . Because the same pair of primers can detect different isoforms, it is not possible to assign the expression of a certain isoform to a specific cell. For example, cells 5-8 can express either the combination of isoforms 2, 4, and 5 or only isoform 5. At the same time, Numb2 is expressed in cells 2 and 3, Numb4 in cell 16, and Numb5 in all cells where it was detected. (B) The cells expressed mostly Prominin1 isoforms 2 and 7. No isoform-specific transcripts were detected in cell #6, but primers recognizing all isoforms produced a signal. Our results also show good concordance with previous studies that revealed the expression of only Prominin1 transcript isoforms 1, 2, and 6 in the subventricular zone (SVZ), and the absence of isoforms 3, 4, 5, and 8 (34, 37) . We also observed that isoform 1 was expressed exclusively in one of the GFP -cells, while other isoforms were present only in GFP + population. While the expression of isoform 7 was not previously assessed, we found that this isoform together with isoform 2 is dominant in GFP + cells. Prominin1 is strongly predisposed to alternative splicing, and there are 10 known isoforms for the human transcript. Therefore, it is likely to reveal a new murine isoform of Prominin1 amidst the eight known isoforms. (C) Glial fibrillary protein (GFAP) expression was previously detected in distinct population of astrocytes that have been identified as SVZ neural stem cells (38) (39) (40) . GFAP isoforms were detected only in GFP + cells. The cells analyzed in our experiments did not contain isoforms GFAP-DEx6, GFAP-DEx7,and GFAP-D164, and the GFAP-D135 isoform was expressed at a low level. Isoforms GFAP-DEx6, GFAP-D164 and GFAP-D135 were not detected in samples without amplification (w/o), but the quality of the primers was verified before (39) . Primers labeled "com" are designed to anneal to the common part of all known isoforms of the transcript. Because some isoforms are homologous, certain primers detect more than one target isoform. Heat maps reflect real-time PCR-derived Cq values for each transcript. A sample without amplification was used as positive control. Total RNA input of unamplified, pooled SVZ cells or embryonic cells in the RT reaction was 3 µg.
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information may be lost after amplification. Only 70% of differentially expressed genes in samples without amplification were discovered after single-cell amplification. Also, certain up-regulated pathways and networks in samples without amplification were not detected after the single-cell amplification, depending on the pathway's category.
Characterization of single cells from the SVZ: A proof of concept
The ultimate proof of the utility of our amplification technique is the ability to confirm well-established concepts from a relevant subject of interest, and generate new and significant findings that can be verified by other means.
We chose to test our method on mouse SVZ cells, because the forebrain SVZ contains several heterogeneous cell types in close proximity. Stem cells (type B cells) exhibit structural and biological markers of astrocytes. These type B cells give rise to type C cells, or transit-amplifying cells, which in turn generate immature neuroblasts (type A cells) (29) (30) (31) (32) . Other cell types populating the SVZ include astrocytes and ependymal cells. Each cell type is associated with a set of markers that presents a starting point to verify the reliability of our amplification approach ( Figure 3) .
We studied the SVZ cell population from 6-day-old transgenic mice that express GFP under control of the GFAP promoter. Sixteen single cells from the SVZ were collected after GFP sorting: seven GFP positive cells (GFP + ) and nine GFP negative cells (GFP -). The application of our method correctly confirmed GFAP expression in a GFP + population of GFP-GFAP transgenic mice and its absence in a GFP -cell population. As expected, the mRNA expression profile of the GFP -cell population was enriched for neuronal markers ( Figure 3C ).
The GFP + population was quite uniform (Figure 3, A and B) . Six out of 7 cells, except for cell #4, were identical for 21 out of 44 markers, which corresponds to 48% of transcripts examined. If we consider the situation where an individual cell differs from others by 2 markers, this translates to 68% similarity. The GFP -cell population was not as uniform as the GFP + population (30% similarity), and it exhibited the expression of mostly neuronal markers ( Figure 3C ).
Because GFP + cells expressing B-type stem cell markers were also positive for transcripts characteristic of type A and C cells, we confirmed our findings with RNA-FISH probes to GFAP, Tubb3, and Olig2. Indeed, some cells simultaneously expressed all three transcripts (Supplementary Figures S9-S12) .
It has been shown that RNA splicing is a very pronounced process in SVZ neurogenesis (35) . We were able to detect biologically important isoforms of certain transcripts in SVZ cells. For example, we observed only the expression of Numb isoforms 2 and 4, and the expression of Numb1 and Numb3 was absent in postnatal day 6 (P6) mice SVZ samples ( Figure 4A ). This correlates with previous findings that show a shift in numb protein expression from those isoforms containing the proline-rich region (PRR) insert (Numb1 and Numb3) in embryonic day 10 (E10) (41) . It was previously established that Id1 protein expression is associated with the GFP + cell population (41, 42) . This transcriptional regulator is more likely the product of Id1 isoform a, according to our results, because only this isoform is exclusively expressed in GFP + cells. (B) Epidermal growth factor receptor (EGFR) is expressed on stem cells (B cells) and transit-amplifying progenitor cells (C cells) in the subventricular zone (SVZ), but it is absent from neuroblasts (A cells). It was proposed that EGFR regulates the balance of SVZ cell subtypes (43) . All GFP + cells express the EGFR isoform1 with a possible co-expression of isoform2. The EGFR sequence structure does not allow design of primer pairs to establish the expression pattern of EGFR isoform2 in cells 1-8 conclusively, but GFP -cells 9 and 10 definitely have this isoform. (C) It has been suggested that specific neuronal subtypes express different RbFox3 protein variants with varying nuclear/cytoplasmic ratios (44, 45) . It has been previously proposed that each variant of RbFox3 has its own biological target(s) and may play a key role in the regulation of neural cell differentiation. Although the protein product of RbFox3 is considered a mature neuron-specific marker, we detected only isoform 2, which is exclusively nuclear, and isoform 3 that, as was suggested, shuttles between the nucleous and cytoplasm in GFP + as well as GFP -cells. RbFox isoform 1 was not detected in any GFP cell population. (D) It was shown that PAX6, containing the canonical form of the paired domain (PD) without the alternative exon 5a, influences cell fate and proliferation at the same time, and an exon 5a-containing PAX6 isoform inhibits cell proliferation without affecting cell fate (46) . We observed that PAX6 mRNA was present in almost every cell regardless of the presence or absence of exon 5a. We speculate that the protein distribution can be different, taking in account that the PAX6 gene demonstrates translational uncoupling (34) . (E) Examples of 5´ end detection of the transcripts. The primers localized at 5´ ends of mRNAs detect the transcripts of different lengths, up to 9 kb. Heat maps reflect real-time PCR-derived Cq values for each transcript. A sample without amplification (w/o) was used as a positive control. Total RNA input of unamplified pooled SVZ cells or embryonic cells to RT reaction was 3 µg.
Vol. 59 | No. 3 | 2015 embryos, to isoforms lacking the PRR insert (Numb2 and Numb4) in P2 mice (36) . We further observed that noncoding Numb isoforms also obeyed the PRR insert rule: isoform5 lacking the PRR insert was expressed in analyzed cells, and there was no expression of isoform6, which contained the PRR insert. To our knowledge, this is the first evaluation of coexpression of coding and noncoding Numb isoforms, and this finding that validates the sensitivity of our technique.
We also were able to detect 5´ ends of the long transcripts and identify different splice isoforms of significant biological importance for genes such as Prominin1, GFAP, RbFox, Pax6, Id1, and EGFR (Figures 4 and 5) .
Recent studies suggest that over 80% of all human genes undergo alternative splicing, potentially providing a molecular basis for highly complex systems (47) (48) (49) . Approximately 73% of alternatively spliced exons are within coding sequences, which preferentially include internal exons. It was also observed that up to 12 isoforms may be expressed simultaneously within the same cell (50) . Our method affords the detection of virtually any part of a gene sequence regardless of the length and the structure of the transcript. It also allows the detection of noncoding and non-polyadenylated RNAs. Our method also detects almost 70% of the 5´ ends of transcripts longer than 6 kb at single-cell level (Supplementary Table S1 ).
The application of this amplification technique uncovered an essentially uniform gene expression signature for the GFP + cells of the SVZ. This discovery supports the notion that the SVZ microenvironment may selectively inhibit the expression of certain phenotypic genes since such uniformity was not detected at the protein level (51) . This interpretation is also corroborated by several cell and molecular characterization studies of the SVZ, in which certain mRNA transcripts were identified in SVZ cells, but did not undergo subsequent translation to produce the corresponding proteins (34, 40) . It is worth noting that our classification of SVZ cells was based on the detection of certain RNA transcripts, while well-known A, B, and C cell markers have been mostly established at the protein level.
Therefore, it is possible that differences may emerge between the transcriptomes and proteomes of these cells. In fact, it was shown using bulk transcriptome analysis that the stem cell-enriched population was primed toward neuron-generation by transcribing, but not translating neuroblast mRNAs (e.g., PAX6, Ascl1, and CD24a) (34) . We had similar results in our experiments and also found a distinct cell type, which may express some markers for all cell types populating the SVZ. These findings were made possible with this single-cell RNA amplification approach, and they were later confirmed by an independent method, RNA-FISH.
In conclusion, we suggest that our profiling results on a small number of neurogenic cells are well-supported by the literature, which speaks directly to the reliability of this new RNA amplification technology.
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